We investigate the effect on molecular transport due to the different structural aspects of metal-molecule interfaces. The example system chosen is the prototypical molecular device formed by sandwiching the phenyl dithiolate molecule (PDT) between two gold electrodes with different metal-molecule distance, atomic structure at the metallic surface, molecular adsorption geometry and with an additional hydrogen end atom. We find the dependence of the conductance on the metal-molecule interface structure is determined by the competition between the modified metal-molecule coupling and the corresponding modified energy level lineup at the molecular junction. Due to the close proximity of the HOMO of the isolated PDT molecule to the gold Fermi-level, this leads to the counterintuitive increase of conductance with increasing top metal-molecule distance that decreases only after the energy level line up saturates to that of the molecule chemisorbed on the substrate.
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We find that the effect on molecular transport from adding an apex atom onto the surface of a semi-infinite electrode is similar to that from increasing the metal-molecule distance. The similarity is reflected in both the charge and potential response of the molecular junction and consequently also in the 1 nonlinear transport characteristics. Changing the molecular adsorption geometry from a three-fold to an atop configuration leads to slightly favorable energy level lineup for the molecular junction at equilibrium and consequently larger conductance, but the overall transport characteristics remain qualitatively the same. The presence of an additional hydrogen end atom at the top metal-molecule contact substantially affects the electronic processes in the molecular junction due to the different nature of the molecular orbitals involved and the asymmetric device structure, which leads to reduced con- The other contact can be formed by vacuum deposition of a top metal layer, by using a scanning tunneling microscope (STM) tip or a conducting atomic force microscope tip [1] [2] [3] [4] [5] [6] [7] [8] .
Contacts to the electrodes can also be made by using atomic-scale break junctions [9] [10] [11] [12] [13] .
The metal-molecule interface can therefore differ in metal-molecule distance, adsorption geometry and atomic structure of the metallic electrodes, or chemically in the types of the end groups and metals used. In most experiments, the structure of the metal-molecule interface is not known and cannot be controlled easily. This has hindered identifying the correct conduction mechanism through the molecular junction, since it is not clear whether the measured transport characteristics are intrinsic to the molecules or are due to features of the metal-moleule interface that might be non-reproducible from sample to sample 12 .
The purpose of this second paper on microscopic study of single-molecule electronics is to elucidate the effect on molecular transport due to the different structural aspects of the metal-molecule interface. In the next paper, we discuss the effect on molecular transport due to the chemical aspects of the metal-molecule interface.
Since for a given molecule-metal combination, the atomic-scale structure of the metalmolecule interface differs in numerous ways, it is not useful to discuss exhaustively such differences and their effect on the transport characteristics without reference to specific transport measurements. Instead this work aims at identifying the key conceptual issues involved and demonstrates the use of such concepts through detailed microscopic study of selected aspects of the metal-molecule interface. Such concepts should then be useful in giving a clear indication of whether given device characteristics originate from features of the metal-molecule interface structure. In the first paper of this series 16 (refereed to as I in this work), we have identified two key factors for understanding the transport character-istics of a molecular junction: the equilibrium energy-level lineup and the nonequilibrium charge/potential response to the applied bias. Electronic processes at the metal-molecule interface play different roles in determining these two factors: (1) At equilibrium, the symmetry and the magnitude of the metal-molecule orbital overlap determine the capabilities of the molecular states to function as effective conduction channels, while the coupling-induced charge and potential perturbation determine the shift of the molecular level relative to the metal Fermi-level; (2) Out of equilibrium, the asymmetry of the coupling at the sourcemolecule and drain-molecule interfaces determines the net charge flow into the molecule, but the spatial distributions of the charge response and the voltage drop are determined by the potential landscape across the entire molecular junction. At not too high bias voltage, this affects mainly the shift of the molecular levels with bias voltage (see I). Our discussion will therefore focus on analyzing how the different aspects of the interface structure affect the above two types of electronic processes.
Since the effect of the metal-molecule interface structure on the device characteristics is seen most clearly for symmetric molecules, we will use as example the prototypical molecular device formed by attaching the phenyl dithiol molecule (PDT) onto two gold electrodes through the end sulfur atoms. Since in many experiments on molecular transport, the molecules are self-assembled on a single-crystal substrate and the structure of the moleculesubstrate contact can be considered well-defined, we start from the reference interfacial configuration where the molecules form symmetric contact with two semi-infinite gold <111>
electrodes (see I) and investigate the change in its transport characteristics due to structural differences in terms of the metal-molecule distance, atomic structures of the metallic surfaces and the adsorption geometry. Since in practice it is not clear whether the end hydrogen atoms are desorbed upon electrode contact 14,15 , we will also investigate the effect on current transport due to an additional end hydrogen atom at the top metal-molecule interface.
The theoretical approach we use in elucidating the effect of the metal-molecule interface structure were discussed in detail in I and also elsewhere 17, 18 . We use the same modeling methodology as described in I. In particular, we have used the BPW91-parameterization 4 of the spin-density-functional theory [19] [20] [21] and the ab initio pseudopotential 22 with the corresponding energy-optimized gaussian basis sets 23, 24 . The calculation is performed using a modified version of GAUSSIAN98 25 . We will focus on the results of the computation and the conceptual understanding derived from them (we use atomic units throughout the paper unless otherwise noted).
II. THE EFFECT OF THE METAL-MOLECULE DISTANCE
In the reference device structure, the molecule forms symmetric contact with two semiinfinite gold <111> electrodes, and the molecule sits on top of the center of the triangular gold pad (see I). The end sulfur atom-metal surface distance at both interfaces is 1.9(Å).
We first consider the effect on current transport from increasing the metal-molecule dis- becomes so weak such that its effect on the energy level lineup saturates, i.e., the energy level lineup approaches that of the molecule chemisorbed on the substrate. Further increasing the top metal-molecule distance will then reduce the transmission coefficient and the low-bias conductance of the molecular junction. Going from ∆L = 1.5(Å) to ∆L = 2.0(Å), the peak positions in both TE and PDOS plots corresponding to the HOMO and LUMO level do not change much, but the transmission coefficient is reduced across the entire energy spectrum (Fig. (2) ).
As the top metal-molecule distance increases, the equilibrium transmission characteristics also change substantially. In particular, the double-peak structure corresponding to resonant transmission through the LUMO and LUMO+1 is reduced to a single peak for transmission through the LUMO+1 state. The transmission probability away from the two peaks at HOMO and LUMO+1 is reduced rapidly with the increasing top metal-molecule distance.
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Examinations of the corresponding LDOS show that the LUMO is mainly localized on the peripheral hydrogen atoms, which leads to negligible orbital overlap with the top metal states and rapid reduction of the transmission probablilty with increasing top metal-molecule distance. The HOMO and LUMO+1 levels instead have large weights on both end sulfur atoms, so their transmission probability decreases much slower with the increasing top metalmolecule distance. Since transport is dominated by by tunneling through HOMO in the bias voltages studied here, the changes in the transmission through the unoccupied molecular states do not affect the device characteristics.
As ∆L increases, the asymmetry of the I-V and G-V characteristics with respect to bias polarity also increases ( We can also examine more directly the asymmetry in the device characteristics from the voltage dependence of the transmission (TE) characteristics at ∆L = 1.5(Å) (not shown here). The conductance reaches its peak when one of the metal Fermi-levels moves into alignment with the peak positions in the TE characteristics. We find that at large top 8 metal-molecule distance, the conductance reaches its peak near zeros bias in the negative bias direction as the right metal Fermi-level moves down passing the HOMO level. At positive bias voltage, the G-V characteristics probes the states in the HOMO-LUMO gap resulting in a much reduced conductance.
III. THE EFFECT OF THE ATOMIC STRUCTURE OF THE METALLIC SURFACE
If the transport through the molecule is measured using a scanning tunneling microscope (STM) tip, it would not be appropriate to model the top contact as a semi-infinite crystal since atomic-scale structures may exist at the tip apex. If the current is measured using atomic-size break junctions, both contacts may include atomic-scale structures on their surface. In this section, we investigate the effect on current transport due to the presence of atomic structures on the metallic surface. We consider two simple device models: For (Fig. (10) ). Compared to the case of increasing top contact-molecule distance, the amount of the voltage drop within the molecule core is slightly larger here due to the less favorable potential landscape for electron flow within the molecule core.
The similar charge and potential response also leads to similar molecular level shift at different bias polarities (not shown here). Note that voltage also drops from the apex atom To summarize, the results shown here highlight the important effect that atomic-scale electrode structures may have on molecular transport characteristics.
IV. THE EFFECT OF THE MOLECULAR ADSORPTION GEOMETRY
In computational study of molecular junctions, the adsorption geometry is often chosen with the sulfur atom in a three-fold site above the electrode surface. In this section, we consider a different adsorption geometry with the sulfur end atom atop one surface gold atom. Each surface gold atom has 6 nearest-neighbors, therefore we include 7 gold atoms on each metallic surface into the "extended molecule" (denoted model 3). We also consider the effect on current transport when the top metal-molecule distance is increased by 1.0(Å) (denoted model 4) for comparison with the results in sec. II.
For device model 3, the coupling between the molecule and the electrodes is reduced due to the less favorable orbital overlap between the end sulfur atom and the gold surface atom directly underneath it. But the reduction is smaller than that in sec. III due to the molecular orbital overlap with the other 6 gold atoms on the surface. Compared to the case of threefold adsorption, the magnitude of the charge transfer and the potential perturbation are smaller (not shown here). As a result, the HOMO level is moved slightly closer to the metal Fermi-level for device at equilibrium (Fig. 11) , similar to the effect of slightly increasing the metal-molecule distance. This geometry effects the molecular states differently depending on their composition. For sulfur based states like HOMO, the PDOS is narrowed due to the reduced mixing with the metal surface states. For carbon based states like LUMO, the PDOS is broadened since the mixing with the metal surface states is stronger due to the proximity of more gold surface atoms. The same consideration leads to the more broadened PDOS towards the HOMO-LUMO gap for HOMO and LUMO. Also notable is that the once pronounced transmission peak for tunneling through the metal-induced-gap-states is suppressed since the mixing through the end sulfur atom is suppressed. The trend continues as the top metal-molecule distance is increased (model 4 in Fig. 11 ). Again increasing the top metal-molecule distance leads to the favorable alignment of the HOMO and increases the zero-bias conductance (Fig. 12) .
Due to the broadened density of states in the HOMO-LUMO gap and more favorable equilibrium energy level lineup, the low-bias conductance is higher and its increase with bias voltage is less steep in the atop adsorption geometry (Fig. 12) . The peak positions in the G-V characteristics are reached at slightly smaller bias voltage due to the smaller difference between the HOMO level and the equilibrium Fermi-level.
V. THE EFFECT OF A RETAINED END HYDROGEN ATOM
For the thiol molecules self-assembled on a gold substrate, it is commonly believed that the end hydrogen atom is desorbed during the final stage of the self-assembly process 14, 15 .
But it is not clear whether the hydrogen atom at the top contact is desorbed after the Note that although both the energy and the electron distribution associated with the molecular states depend on the spin direction for the isolated molecule, the transmission coefficient and the PDOS in the molecular junction are identical for both spin directions once the self-consistent calculation is converged. The reason is as follows: For the strong moleculemetal coupling regime we consider here, the open-shell PDT molecular radical (with one H end) within the molecular junction is only part of a large quantum system. Since the filling of the electron states is determined by the Fermi-distribution of the semi-infinite electrodes which are non-magnetic, there is no physical origin for breaking the spin symmetry of the system. The PDT molecular radical in contact with two gold electrodes behaves in much the same way as an open-shell atom within a closed-shell molecule since the electron states are delocalized across the molecular junction. The situation will be dramatically different in the Coulomb blockade regime when the molecule is weakly coupled to both electrodes or when a high spin-degeneracy atom is inserted into the molecule 10, 11 , in which cases a spin-dependent interaction term needs to be included in the Hamiltonian describing the molecular junction and spin-dependent electron scattering can dominant especially at low temperature.
Interestingly, although the addition of a H atom moves the frontier orbitals closer to the metal Fermi-level and to each other (Fig. (13) ), the transmission characteristics of the equilibrium junction remain qualitatively the same as for the singlet molecular biradical besides the shift in the peak positions (Fig. (14) ). The corresponding LDOS shows that the charge distributions associated with both the HOMO and LUMO levels remain similar in shape with the addition of the end H atom. The transmission coefficient at the Fermi level is slightly reduced, but the overall transmission characteristics in the HOMO-LUMO gap are similar in both cases. The main effect of introducing the end H atom has been in creating a nonsymmetric device structure.
The calculated I-V and G-V characteristics are shown in Fig. (15) . Both the current and the conductance are reduced by the presence of the hydrogen within the bias range studied.
Substantial asymmetry with respect to the bias polarity is introduced due to the the different contact configuration. Similar to the results discussed in previous sections, peak in the conductance is reached only at negative bias polarity due to the larger voltage drop at the top metal-molecule contact at positive bias (not shown here). This can be seen clearly from the bias-dependence of the transmission characteristics in Fig. (16) . Applying a negative bias decreases the difference between the HOMO level position of the molecular radical (one H end) and the molecular biradical, leading to the same bias voltage of V = −1.6(V ) where conductance reaches its peak (the peak position in the transmission characteristics coincides with the fermi level of the top contact). The shift with applied bias of the LUMO level is much larger than that of the HOMO, but since the conductance is again determined mainly by the HOMO states, this doesn't affect the calculated transport characteristics.
VI. CONCLUSIONS
We have investigated the effect on molecular transport due to different structural aspects of the metal-molecule interface . For a given metal-molecule combination, the differences in 
